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Rubella virus (RV) causes multisystem birth defects in the fetuses of infected women. To investigate the cellular basis of
this pathology, we examined the cytopathic effect of RV in three permissive cell lines: Vero 76, RK13, and BHK21. Electron
microscopy and the TUNEL assay showed that the cytopathic effect resulted from RV-induced programmed cell death
(apoptosis) in all three cell lines, but the extent of apoptosis varied among these cells. At 48 h postinfection, the RK13 cell
line showed the greatest number of apoptotic cells, the Vero 76 cell line was ;3-fold less, and BHK21 had very few. An
increased multiplicity of infection and longer time postinfection were required for the BHK21 cell line to reach the level of
apoptotic cells in Vero 76 at 48 h. Purified RV induced apoptosis in a dose-dependent fashion, but not UV-inactivated RV or
virus-depleted culture supernatant. Specific inhibitors of the apoptosis-specific proteases caspases reduced RV-induced
apoptosis and led to higher levels of RV components in infected cells. To address the role of regulatory proteins in
RV-induced apoptosis, the antiapoptotic gene Bcl-2 or Bcl-XL was transfected into RK13 cells. Although a high level of Bcl-2
family proteins was expressed, no protection was observed from apoptosis induced by RV, Sindbis virus, or staurosporine
in RK13 cells. In BHK21 cells, however, increased expression of Bcl-XL protected cells from apoptosis. The observed
variability in apoptotic response to RV of these cell lines demonstrates that programmed cell death is dependent on the
unique properties of each cell and may be indicative of how selective organ damage occurs in a congenital rubella syndrome
fetus.
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Rubella virus (RV) is an enveloped, positive sense RNA
irus of the family Togaviridae. Infection during the first
rimester of pregnancy can cause fetal defects that vary
n severity from malformed digits to fetal death; this is
ermed congenital rubella syndrome (CRS) (Wolinsky,
996). The continued importance of understanding this
henomenon is underscored by reports of CRS in infants
orn to mothers who had been vaccinated against RV
Barfield et al., 1997; Hornstein et al., 1988; Robinson et
l., 1994). Although animal models have not been used
xtensively, congenital rubella effects have been demon-
trated in rats (Avila et al., 1972; Cotlier et al., 1968),
abbits (Kono et al., 1969; London et al., 1970), and ferrets
Rorke et al., 1968). The selective organ damage charac-
eristic of CRS (Wolinsky, 1996) may indicate cell type
ifferences in response to RV infection in the developing
etus. Host cell–virus interactions have been shown to be
mportant for RV replication (Atreya et al., 1998; Duncan
nd Nakhasi, 1997; Nakhasi et al., 1994, 1988). Thus, a
asis for CRS pathology could be revealed at the cellular
evel. Tissue culture cell lines have been identified that
1 To whom reprint requests should be addressed at Building 29,
oom 425, 1401 Rockville Pike HFM 416, Rockville, MD 20852. Fax:c01-480-5527. E-mail: Nakhasi@cber.fda.gov.
117upport RV infection and show a variable level of cyto-
athic effect (CPE) (Frey, 1994). In light of recent findings
n the cytopathogenesis of other RNA viruses (Esolen et
l., 1995; Levine, 1993; Liao et al., 1997; Scallan et al.,
997; Tolskaya et al., 1995), the morphological changes
nd cell death due to RV infection, described as CPE,
ay be the result of programmed cell death (PCD), also
nown as apoptosis.
Apoptosis is a form of cell death distinct from necrosis
hat results from the triggering of a specific, genetically
etermined series of events leading to self-destruction
nd disposal of unwanted cells. This process of disposal
s essential in development, for the resolution of the
mmune response, and the elimination of infected cells
Vaux and Strasser, 1996; White, 1996). Apoptotic cell
eath is characterized by internucleosomal DNA cleav-
ge, chromatin condensation, nuclear fragmentation,
nd plasma membrane changes, including loss of mi-
rovilli and movement of phosphatidylserine to the outer
ayer (Schwartzman and Cidlowski, 1993; White, 1996). A
entral role in the regulation of apoptosis is played by the
cl-2 family of proteins. The cellular oncogene Bcl-2 was
hown to lead to tumors because it is a suppressor of
poptosis (Nunez et al., 1990; Vaux et al., 1988). The
losely related Bcl-XL is also antiapoptotic; however,
ther related proteins, such as Bax and Bak, facilitate the
ell death program (Kroemer, 1997; Reed, 1997). These
0042-6822/99
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118 DUNCAN ET AL.egulatory proteins are components in a pathway that
ulminates in the activation of members of a family of
roteases called caspases, which begin the breakdown
f the cell (Nicholson and Thornberry, 1997). Caspases
re an essential element in the cell death program be-
ause their inhibition by virally encoded proteins (Bump
t al., 1995; Tewari et al., 1995) or synthetic inhibitors
Cain et al., 1996; Schlegel et al., 1996) can effectively
lock apoptosis.
Viruses engage the mechanisms of PCD in various
ays (Razvi and Welsh, 1995; Teodoro and Branton,
997). Most viruses induce apoptosis, which can be
locked by the constitutive expression of Bcl-2 (Levine,
993; Scallan et al., 1997). Some viruses have evolved
roteins that block PCD (Bertin et al., 1997; Leopardi and
oizman, 1996), allowing them to replicate longer before
illing the cell.
A clearer understanding of the precise mechanisms of
ell death has already made an impact on the understand-
ng and therapeutic strategies in neoplastic and inflamma-
ory diseases (Blank et al., 1997; Rudin and Thompson,
997). Similar insights into viral pathology and treatment are
rising from the study of virus-induced apoptosis. In this
tudy, we demonstrate that RV kills cells by initiating pro-
rammed cell death and that the threshold level of virus
equired to induce apoptosis varies substantially among
ell types. This system has the potential to reveal critical
ellular components required for apoptosis and will focus
he approach to understanding the mechanism of apopto-
is induction by RV.
RESULTS
ariation in RV CPE among cell lines does not
orrelate with virus infection
Three cell lines that are permissive for RV, RK13 (rabbit
idney epithelial cells), Vero 76 (monkey kidney epithelial
ells), and BHK21 (hamster kidney fibroblast cells), were
nfected with the same virus stock (according to titration on
ero 76 cell at an m.o.i. of 5 PFUs/cell). After 48 h of
nfection, the number of cells that have rounded up and are
ecoming detached from the plate, representing the CPE of
V, varies among these cell lines (Fig. 1). These differences
ere quantified by counting the number of detached cells
eleased into the media from the same surface area of
ultured cells and expressed as a percent of the total
umber of cells (Fig. 1). The average number of detached
K13 cells on RV infection represented 75% of cells in the
ulture vessel. Detached cells for infected Vero 76 were
bout 3 times fewer but still a substantial 25% of the total.
he numbers of detached cells in both infected and mock-
reated BHK21 were nearly the same and represented only
% of the total cells, substantially less than either of the
ther cell lines.
To assess the relationship between the amount of viral
omponents in infected cells and the quantity of CPE, we werformed capsid immunoblots of cell lysate from these
amples. The level of this protein has been shown to
orrelate with the level of other viral components as well as
V titers (PFUs) released from Vero 76 cells (Nakhasi et al.,
989). Surprisingly, 48 h after infection, the level of virus
rotein synthesis in these cell types did not correlate with
he amount of CPE observed (Fig. 1). RK13 showed the
ighest number of detached cells yet had the lowest level
f RV capsid protein (see the insets of RV capsid immuno-
lots at the borders of Fig. 1). BHK21 cells contained as
uch or more capsid protein than Vero 76 yet showed very
ittle CPE. The variation in capsid level seen here correlates
ith the virus titers previously reported for these cell lines
Frey, 1994). The faint band visible in mock-infected Vero 76
nd RK13 is due to antibody cross-reaction with a cellular
rotein because this band and the capsid band can be
ifferentiated on a lower percent acrylamide gel (data not
hown). The variation among cell lines suggested that dif-
erences in the cellular response, not the virus, accounted
or the quantity of cell death.
One form of cell response to viruses is programmed
ell death, or apoptosis, shown to be induced by other
elated viruses, such as Sindbis (Levine, 1993) and polio
Tolskaya et al., 1995). Therefore, we examined the RV-
nfected cells for evidence of apoptosis.
PE caused by RV is the induction of apoptosis
At 48 h after RV infection, detached and adherent cells
ere collected separately for each cell line and exam-
ned by electron microscopy (Fig. 2). Imunofluorescent
ssays on adherent Vero 76 cells using anti-RV E1 gly-
oprotein antibodies (R. Duncan, unpublished data) as
ell as the high magnification inset showing virus parti-
les (Fig. 2E) indicated that as many as 50% of the
dherent cells are infected; however, these cells rarely
howed apoptotic morphology (Figs. 2A, 2C, and 2E). In
ontrast, the detached cells had condensed chromatin,
ragmented nuclei, loss of microvilli on their surfaces,
nd vacuolization, all features of apoptotic cells (Figs. 2B,
D, and 2F). Significantly, the detached, BHK21 cells are
qually apoptotic in appearance (compare Fig. 2F with
igs. 2B and 2D), indicating RV can also induce pro-
rammed cell death in this cell type, but there are fewer
etached cells than in Vero 76 and RK13 cell infections
nder these conditions.
To determine whether increasing the level of RV could
lter the induction of apoptosis in BHK21 cells, infection
as performed as above with a higher concentration of
irus and allowed to proceed for a longer time. Cells
ere infected at 103 the previous level of RV (;50
FUs/cell). Significantly higher levels of virus infection
ere achieved as indicated by the level of capsid protein
n cell lysates (data not shown). Five days after infection,
he mock-infected culture had ,1% detached cells,hereas the RV-infected culture had 14.6% and 23.1%
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119RUBELLA VIRUS-INDUCED APOPTOSISetached cells in two experiments. Thus under these
onditions, the level of shed cells was similar to that
een in Vero 76 cells at 48 h (see Fig. 1).
To better understand the process of RV-induced cell
eath, we examined infected cells in an earlier stage of
poptosis, before they became detached. Vero 76 cells
ere RV- or mock-infected in chamber slides, and at 72 h
ostinfection, detached cells were washed away and
dherent cells were fixed. The fixed cells were incubated
ith terminal deoxytransferase in the presence of FITC-
abeled dUTP (TUNEL assay). Fluorescent micrographs
howed incorporation of dUTP indicating the nicked DNA
FIG. 1. RV CPE varies among cell lines. Phase-contrast micrographs
5 PFUs/cell) or mock treatment with culture supernatant from uninfecte
percentage in the border of each picture. Under the percentage is
ostinfection.iagnostic of apoptosis (Figs. 3C and 3D). Comparison of she fluorescent micrographs with phase micrographs of
he same fields (Figs. 3A and 3B) revealed that the
abeled nuclei were found only in the cells that had
ounded up and begun to lift off the plate. Thus these
ounded cells, long recognized as the sign of RV infec-
ion, had initiated the cell death program. Such labeled
uclei were rarely seen on the mock-infected cells (com-
are Figs. 3C and 3D).
V replication is required for induction of apoptosis
The observed apoptosis induction could be due to a
riginal magnification) of the indicated cell lines 48 h after RV infection
. The corresponding average proportion of detached cells is shown as
id immunoblot of cell lysate representative of each sample at 48 h(1003 o
d cells
a capsubstance other than virus secreted into the medium by
120 DUNCAN ET AL.
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121RUBELLA VIRUS-INDUCED APOPTOSISnfected cells. To eliminate this possibility, RV was pel-
eted by ultracentrifugation and resuspended in culture
edium from uninfected cells. Vero 76 cells were treated
ith virus resuspended at various multiples of its original
oncentration or with the virus-depleted supernatant.
ounting of the detached, apoptotic cells 48 h after
reatment indicated that the virus, not the supernatant,
nduced apoptosis. The number of detached cells in-
reased with the concentration of virus, and the number
f detached cells in the group treated with RV-depleted
upernatant was 75-fold less than that with standard
nfection, nearly as low as with mock infection (Table 1).
he level of apoptosis correlated with the amount of virus
rotein, as indicated by the quantity of RV capsid on
mmunoblots from these samples (data not shown).
FIG. 2. Detached cells show apoptotic morphology by electron micro
ines. Detached cells (B, D, and F) were collected with the medium,
icroscopy. The adherent cells (A, C, and E) were trypsinized, washed,
, RK13 in C and D, and BHK21 in E and F. The bar in B is 5 mm for all lo
FIG. 3. Rounded-up cells resulting from RV infection have nicked DNA
A and B) or fluorescent micrographs (C and D) of the same field of Vero
uclei resulting from the incorporation of FITC-labeled dUTP into nicke
hotograph.ells (bar 5 200 nm).To answer the question of whether active replication
s required for apoptosis, virus stock was irradiated
ith UV light for varying times in a dose range that
hould render the RNA incapable of replication (Lai
nd Joklik, 1973) and then used in the standard infec-
ion protocol with Vero 76 cells. With as little as 10 s of
rradiation, the number of detached cells was reduced
00-fold. The 50-s-treated RV stock caused no more
poptosis than mock infection (Table 1). The capsid
evel from lysates of these cells indicated that viral
rotein synthesis was absent, suggesting no replica-
ion. The suggestion that active replication was re-
uired, not just exposure to virus particles, was further
upported by the lack of response to 103 concen-
rated, UV-irradiated RV (data not shown).
Thin-section electron micrographs of RV-infected cells of all three cell
htly tapping the container, and were pelleted and fixed for electron
d, and fixed for electron microscopy. Vero 76 cells are shown in A and
ification. The inset in E shows an example of RV particles from BHK21
cteristic of apoptosis in the TUNEL assay. Phase-contrast micrographs
s 48 h. after RV infection (B and D) or mock treatment (A and C). Green
are found only in rounded cells, which can be identified in the phasescopy.
after lig
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122 DUNCAN ET AL.nhibition of caspases reduced RV-induced cell death
In most cells studied, the effector phase of apoptosis
nvolves the activation of a class of cysteine proteases
alled caspases (Nicholson and Thornberry, 1997). The
ubgroup of caspases most directly involved in cleavage
f apoptotic substrates have a tetrapeptide cleavage site
reference for the sequence DExD. To assess the role of
aspases in RV-induced apoptosis, infected cells were
ultured in the presence of a membrane-permeable de-
ivative of zDEVD-fmk (n-benzyloxycarbonyl-Asp-Glu-Val-
sp-fluoromethyl ketone), an irreversible caspase inhib-
tor (Nicholson and Thornberry, 1997). The number of
etached cells was counted 48 h postinfection as a
easure of the extent of apoptosis (Fig. 4). Caspase
nhibitor resulted in a 35% decrease in the level of apo-
tosis in RK13 cells (statistically significant at P , .005).
DEVD-fmk treatment also reduced the number (an av-
rage of 65% in two experiments) of apoptotic Vero 76
of the caspase inhibitor DEVD-fmk to cells after RV infection reduces
ion of 20 mM after 2 h of virus attachment (RV) or 2 h of mock treatment
ls for DEVD-fmk inhibitor-treated samples are indicated by the striped
SO)-treated samples of each cell type indicated, infected (RV) or
V stock than Vero 76 and RK13, and cell counts were taken at 96 hTABLE 1
Numbers of Detached (Apoptotic) Cells Induced by RV-Associated
Preparations at 48 h after Treatment
Preparation used for Vero 76 cell
treatment
Total number of
detached cells per
75-cm2 flask
tandard RV stocka (m.o.i. 5) 1.74 3 106
ulture supernatant from uninfected cells 7.35 3 103
V-treated RV stock
0 s 1.22 3 106
10 s 1.39 3 104
50 s 7.07 3 103
ltracentrifuged and reconstituted RV
103 2.93 3 106
13 (m.o.i. 5) 1.29 3 106
0.13 2.70 3 105
V-depleted virus stock 2.29 3 104
a RV stock was culture supernatant from Vero 76 cells harvested 8FIG. 4. Inhibition of caspase activity restricts RV-induced apoptosis. Addition
poptosis. Caspase inhibitor was added to the culture medium at a concentrat
M), and detached cells were counted 48 h later. The number of detached cel
ars. Lightly shaded bars represent detached cell counts from carrier (DM
ock-treated (M). BHK21 cells were infected with 103 more concentrated R-treated cells.
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123RUBELLA VIRUS-INDUCED APOPTOSISells. Significantly, zDEVD-fmk blocked cell death without
imiting production of viral components in Vero 76 cells
nd allowed a higher level in RK13 cells, as indicated by
he capsid protein (Fig. 4). To evaluate the role of
aspase in RV-induced apoptosis in BHK21 cells, they
ere infected with 103 concentrated virus stock, and
etached cells were counted on day 4. Although there
as less cell death in zDEVD-fmk-treated, -infected
HK21 cells, it was not a significant difference from
ntreated, infected cells. Therefore, infected BHK21 cells
ere also treated with the broad-spectrum caspase in-
ibitor butyloxycarbonyl-Asp-fmk (BOC-D-fmk) (Sarin et
l., 1996), and detached cells were counted on day 4 (Fig.
) BOC-D treatment resulted in 40% fewer apoptotic cells
han infection with no inhibitor (significant at P , .05). As
ith Vero 76 and RK13, the reduction in apoptotic cells
ccurred with no reduction in the synthesis of RV com-
onents as indicated by a capsid immunoblot of cell
ysate (Fig. 4).
ole of antiapoptotic cellular proteins in RV-induced
ell death
In the current model of caspase activation during ap-
ptosis, the cellular proteins Bax and Bcl-2 or Bcl-XL are
nvolved in the release or retention, respectively, of fac-
ors from the mitochondrion that participate in cleavage
f the caspase proenzymes and their assembly into
ctive heterotetramers (Kluck1997; Reed, 1997; Vaux,
997; Yang et al., 1997). When Bcl-2 or Bcl-XL is in excess,
poptosis is delayed or prevented (Yang and Korsmeyer,
996). The observed role of caspases in RV-induced
poptosis suggested that forced expression of Bcl-2 or
cl-XL could interfere in their activation and reduce the
mount of cell death. Considering their sensitivity to
V-induced apoptosis, RK13 cells were chosen to study
he effect of Bcl-2 and Bcl-XL.
Cells were cotransfected with a plasmid expressing
ne of the following proteins: Bcl-2, Bcl-XL, or b-galacto-
idase as a control and a plasmid expressing green
luorescent protein (GFP). All plasmids were driven by
he same enhancer–promoter so the proteins should be
xpressed with similar kinetics. The GFP plasmid and
ach coexpression plasmid were transfected in a 1:1
atio. At 24 h after transfection, cells were infected with
V or mock-treated. Assuming that green fluorescent
ells were also expressing the antiapoptotic or control
rotein, by following the fate of green cells, we deter-
ined the effect of the expressed protein on RV-induced
ell death. To ensure that the proteins of interest were
xpressed over the time course of the experiment, im-
unoblots of cell lysates were performed for Bcl-2 and
cl-XL samples, and b-galactosidase assays were per-
ormed for the corresponding samples (Fig. 5). For each
xpressed protein, the number of live green cells in thenfected wells was divided by the mean number of live nreen cells in the uninfected wells for each time point.
he mean of four independent transfections showed that
he number of live green cells in RV-infected wells was
bout equal to that in mock-treated wells (;100% of
ontrol) at the time of infection and 24 h later, but there
as a 70% loss of cells at 48 h due to RV infection.
urprisingly, the RV-induced cell loss was the same in
-galactosidase, Bcl-2, and Bcl-XL-transfected cells, in-
icating no protection by Bcl-2 or Bcl-XL. Because the
xpected levels of expressed proteins were achieved
ithout altering RV-induced cell death, other apoptosis-
nducing agents were used to treat similarly transfected
K13 cells to confirm the functionality of these proteins in
his cell line. When challenged with Sindbis virus or
taurosporine, known to be blocked by Bcl-2 and Bcl-XL
n other cell lines, the same lack of protection was
bserved (data not shown).
Two explanations could account for the lack of apo-
tosis protection in RK13 cells: (1) the plasmid constructs
re not producing functional proteins, although they are
mmunologically recognizable, or (2) RK13 cells could
ave some inherent deficiency that does not permit Bcl-2
nd Bcl-XL to function in their antiapoptotic capacity. To
istinguish between these two hypotheses, we repeated
he transfection experiments in BHK21 cells. Clear pro-
ection from staurosporine-induced apoptosis was ob-
erved in these cells (data not shown). Workers in other
aboratories have previously demonstrated Bcl-2 and
cl-XL protection from Sindbis virus in this cell line
Cheng et al., 1996), so we proceeded to test rubella.
HK21 cells were transfected with either b-galactosi-
ase, Bcl-2, or Bcl-XL expression plasmids, as above,
nfected with 103 concentrated RV stock, and the live
reen cells were counted for 5 days. The transiently
xpressed proteins could still be measured on an immu-
FIG. 5. Transfected proteins are expressed over the time course of
he RV infection. Immunoblots of whole-cell detergent lysates of RK13
ells transfected with plasmids encoding the proteins indicated to the
ight and nontransfected Vero 76 cells. The number of hours posttrans-
ection is indicated at the top of each lane. Blots were stained with a
onoclonal anti-Bcl-2 or a monoclonal anti-human Bcl-XL. Activity was
easured in cells transfected with the b-galactosidase encoding plas-
id (b-gal) by cleavage of a luminescent substrate. The values are
rbitrary light units/1.5 mg of lysate protein/min.oblot of whole cell lysate out to the fifth day posttrans-
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124 DUNCAN ET AL.ection (Fig. 6A). From the day of infection through the
hird day, the number of live cells in the infected and
ninfected wells was about the same (Fig. 6B). At 96 h
ostinfection, the time when RV-induced apoptosis be-
ins to appear in this cell line (see above), a reduced
umber of cells in RV-infected wells was observed. By
20 h., there was a 75% cell loss due to RV in the
-galactosidase-transfected cells in contrast to only a
6.5% loss with Bcl-2 and 52.8% with Bcl-XL. Although
oth proteins seem to afford partial protection from RV-
nduced apoptosis, only the effect of Bcl-XL was signifi-
antly different from the effect of b-galactosidase (P ,
02). Significantly, the protection occurred with no reduc-
ion in the level of RV infection as determined by capsid
rotein level (Fig. 6A).
DISCUSSION
We have shown that RV infection induces apoptosis in
ultured cells. The rounded, detaching cells that result
rom RV infection were shown to have nicked DNA in the
ucleus by TUNEL assay, condensed chromatin, frag-
ented nuclei, and loss of surface microvilli by electron
icroscopy, all characteristics of apoptosis. Active virus
eplication was required for initiation of the cell death
rogram. Apoptosis did not result from stimulation with
ther substances secreted into the culture medium such
s cytokines, which could have triggered cell surface
athways, or from exposure to virus particles, which
ere rendered incapable of replication by UV irradiation.
FIG. 6. Expression of Bcl proteins blocks RV-induced apoptosis in B
he time course of the experiment, and the level of RV protein synthes
ysates from cells transfected with the construct indicated above the la
B) Graph of the proportion of live green cells on RV-infected BHK21 pla
nset legend). Cell counts were taken at the indicated times postinfec
sterisk identifies mean values that differ significantly from those of thAn additional clue to the mechanism of RV-induced ppoptosis is the correlation between the amount of virus
nd the amount of cell death within a single cell type. By
djusting the m.o.i., the level of apoptosis at a given time
oint can be increased or decreased as long as no
aspase inhibitor is added (see Table 1 and the adjust-
ent for induction of apoptosis in BHK21 cells, above).
his quantitative relationship suggests that viral RNA or
rotein synthesis in a cell is building up a quantity of a
iral and/or cellular factor, which is the signal for the cell
o initiate apoptosis. The accumulation of a viral protein
omponent as a signal for apoptosis was described for
engue virus (Despres et al., 1996), and recently, a pos-
ible signal for Sindbis-induced apoptosis was shown to
e the transmembrane region of its envelope glycopro-
eins E1 and E2 (Joe et al., 1998). RV has similar E1 and
2 envelope proteins, which also may be the trigger for
V induction of apoptosis. Alternatively, RV strain differ-
nces in cytopathogenicity that map to the nonstructural
roteins (Pugachev et al., 1997) suggest these viral com-
onents may play a role in apoptosis induction as well.
dditionally, viral capsid protein and viral RNA must be
xamined as components that may be the signal for
V-induced apoptosis.
We have also shown that the apoptotic response to RV
aries considerably among the cell lines examined. RK13
ells rapidly become apoptotic at a relatively low level of
irus infection, which is consistent with the high sensi-
ivity to RV infection previously observed in this cell line
Fogel and Plotkin, 1969; Umino et al., 1990). At times
ells. (A) The transfected Bcl-2 and Bcl-XL proteins are expressed over
affected by overexpression of these proteins. Immunoblots of BHK21
beled with anti-human Bcl-2, anti-Bcl-XL, or anti-RV capsid antibodies.
tive to uninfected plates transfected with each plasmid construct (see
ach bar represents the mean of four independent transfections. The
lactosidase-transfected group.HK21 c
is is un
nes la
tes rela
tion. Eostinfection when apoptosis is maximal in RK13 cells,
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125RUBELLA VIRUS-INDUCED APOPTOSISbout one third the number of apoptotic cells were ob-
erved in Vero 76 cultures, although the synthesis of RV
omponents had reached a much higher level. To
chieve the same number of apoptotic cells in the BHK21
ell line, longer times postinfection or a higher initial
.o.i. was required. Thus each cell line has a different
hreshold for the triggering of apoptosis, and that thresh-
ld determines its maximal level of RV load. The levels of
irus load in these cell lines, measured in our study by
apsid protein, are consistent with reports of low RV titer
ith infected RK13 cells, higher titers in Vero, and highest
iters in BHK21 cells (Frey, 1994).
The stimulation of caspase activity is important in RV
ytotoxicity as indicated by the increased cell survival
hen specific caspase inhibitors zDEVD-fmk and BOC-
-fmk were added to cells after infection. Significantly,
he inhibitors did not reduce virus protein synthesis,
ndicative of replication; in fact, a slightly higher level of
irus protein was observed in RK13 cells, indicating that
V could replicate to a higher level in these cells if
poptosis is blocked. This suggests that apoptosis is
estricting the level of replication of RV and is consistent
ith the hypothesis proposed by others that apoptosis is
cellular response to limit viral spread (Razvi and Welsh,
995; Teodoro and Branton, 1997).
Determining which caspases are activated by RV in-
ection, of the .10 identified, will further elucidate the
echanism of apoptosis induction. Caspases have been
rouped according to their cleavage site specificity (Ni-
holson et al., 1995). The major group of effector
aspases, exemplified by caspase-3, prefer the cleavage
ite DExD and thus would be blocked by the inhibitor
-DEVD-fmk used in this study. In all three cell lines,
artial protection from RV-induced apoptosis afforded by
DEVD-fmk and the use of a broader-spectrum inhibitor
n BHK21 cells to achieve a greater reduction of apopto-
is suggests other caspases are involved, in addition to
aspase-3. The similarity in response to caspase inhib-
tors among these cell lines suggests that the type of
aspase activated is not the key to the observed differ-
nces in apoptotic response but, more likely, the thresh-
ld level of viral components required to initiate caspase
ctivation.
Forced expression of the antiapoptotic proteins Bcl-2
nd Bcl-XL protected BHK21 cells from RV-induced apo-
tosis, yet the same proteins did not protect another cell
ype, RK13. Similarly, Japanese encephalitis virus in-
uces apoptosis, which can be delayed by Bcl-2 in
HK21 cells but not in another cell type (Liao et al., 1997).
he steps in apoptosis, although not completely defined,
ypically begin with an inducing signal and lead to the
ctivation of caspases, which are responsible for the
inal destruction of the cell. Our data suggest that in this
equence of events, the signal initiated by RV leading to
aspase activation is upstream of Bcl-2 and Bcl-XL in
HK21 cells as commonly observed for other viruses bTeodoro and Branton, 1997). Although Bcl-2 family pro-
eins do not protect RK13 cells, we do not favor a hypoth-
sis that RV initiates the caspase cascade by another
echanism downstream of Bcl-2 in these cells. Rather,
e suggest that RV engages a similar trigger in both cell
ypes but that the transfected proteins can not function
roperly in RK13 cells. This hypothesis is favored be-
ause Bcl-2 family proteins fail to protect RK13 cells from
ther inducing agents, Sindbis virus and staurosporine,
hat have been blocked by Bcl-2 and Bcl-XL in multiple
ell types (Cheng et al., 1996; Jacobsen et al., 1996). The
ailure of the Bcl-2 family proteins to function could be
ue to the absence of a critical cellular component in
K13 cells, which may also account for their higher
ensitivity to RV. Identification of this factor or factors
ould reveal a key step in the mechanism of RV-induced
poptosis. Alternatively, apoptosis-associated caspase
leavage of Bcl-2 and Bcl-XL could differ between RK13
nd BHK21 cells.
Recent studies of Sindbis virus and Semliki forest virus
ave shown that infection results in caspase-mediated
leavage of Bcl-2 and Bcl-XL in cell lines in which the
ntiapoptotic effect of these proteins was reduced (Clem
t al., 1998; Grandgirard et al., 1998). In our study, immu-
oblots of Bcl-2-transfected, RV-infected RK13 cells
howed no cleavage of 26-kDa Bcl-2 (data not shown).
hus caspase-mediated cleavage of Bcl-2 or Bcl-XL is
ot likely to account for the failure of protection in this
ell line.
This study demonstrates that the ability of RV to induce
poptosis varies considerably with cell type. In addition,
V can infect a wide variety of cell types with no obvious
PE, although the level of replication remains low (Frey,
994). This lack of cytolytic effect has been cited as an
xplanation for the observed lack of cytolysis in postmor-
em examinations of RV-infected fetuses (Cooper et al.,
995). However, earlier studies have reported that CRS
etuses are characterized by malformed organs with de-
reased cell numbers (Naeye and Blanc, 1965). Cell
estruction has also been disfavored as an explanation
or low cell numbers because of the absence of inflam-
ation (Cooper et al., 1995). The studies from which
hese interpretations were drawn were done before the
nderstanding of the apoptotic process. However, in one
tudy during the same period, after microscopic obser-
ation of cells from a CRS fetus, the authors described
ome cells with “disorganization of the nucleus, which
howed an eosinophilic center and margination of ba-
ichromatin on the nuclear membrane” (Selzer, 1963),
uggesting a description of apoptotic cells. Based on
einterpretation of such earlier studies and our results, it
s possible that particular cell types in the fetus are
usceptible to RV-induced apoptosis. Efficient phagocy-
osis of the apoptotic bodies would reduce the cell num-
er while avoiding inflammation, and therefore cell death
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126 DUNCAN ET AL.ould be responsible for the defects due to congenital RV
nfection.
MATERIALS AND METHODS
ell culture and transfection
Vero 76 cells were grown in Dulbecco’s modified Ea-
le’s medium supplemented with 10% FCS (HyClone
aboratories, Inc.). RK13 and BHK21 cells were grown in
inimal essential medium with Earle’s salts supple-
ented with 10% FCS. The M33 strain of RV in Vero 76
ell culture supernatant was titered by plaque assay at
3 106 PFUs/ml. Mock treatment consisted of incubat-
ng cells with cell culture supernatant from uninfected
ero 76 cells. Cell counts were performed microscopi-
ally with a standard hemacytometer for detached or
rypsinized cells.
Cells on 35-mm culture plates were transiently trans-
ected with 100 ng of the pEGFP plasmid (Clontech
aboratories, Inc.) plus 100 ng of an expression plasmid
described below) with Lipofectamine Plus (Life Technol-
gies) according to the manufacturers’ instructions. Live,
reen fluorescent cells were counted microscopically,
nd their viability assessed by morphology; the average
umber of live green cells per field was determined by
ounting at least three fields.
mmunoblot analysis
Protein samples were prepared as a whole-cell, RIPA
ysate. Protein concentration was determined according
o the Bradford method (Bio-Rad Laboratories) and 30 mg
f total protein separated on 15% acrylamide SDS–PAGE.
fter electrotransfer, blots were developed with mono-
lonal anti-RV capsid antibody (Chemicon International,
nc.), anti-human Bcl-2 (05–341; Upstate Biotechnology),
olyclonal anti-human Bcl-XL (S-18; Santa Cruz Biotech-
ology, Inc.), or monoclonal anti-human Bcl-XL (clone
H12, a generous gift from Y. T. Hsu, NINDS, Bethesda,
D) as primary antibodies, horseradish peroxidase-cou-
led anti-Ig as secondary antibodies, and visualized by
nhanced chemiluminescence (Amersham).
lectron microscopy
Cells (3 3 106) were fixed with 2% glutaraldehyde–2%
araformaldehyde in 0.1 M sodium cacodylate buffer, pH
.3, for 3 h and stored in PBS at 4°C. Cells were postfixed
or 1 h with 2% osmium tetroxide, dehydrated with graded
lcohols, and embedded in epoxy resin. Thin sections
ere stained with uranyl acetate and lead citrate and
xamined with a Zeiss EM 912 Omega electron micro-
cope.
UNEL assay
Vero 76 cells were grown on chamber slides, RV in-
ected or mock treated, and, 72 h later, washed with PBS, vixed in 75% methanol/2.5% acetic acid, rinsed twice with
BS, layered with TUNEL reaction mixture (Boehringer
annheim) containing FITC-labeled dUTP and terminal
eoxynucleotidyl transferase, and incubated for 1 h at
7°C in a moist chamber. Cells were visualized on a
luorescent microscope, and images captured with a
igital video camera and processed with Adobe Photo-
hop software.
irus purification
Culture supernatant from RV-infected cells was centri-
uged at 40,000 rpm in a Beckman 60ti rotor for 2 h. The
ellet was resuspended in the same culture supernatant
rom uninfected Vero 76 cells that was used for mock
nfection.
aspase inhibition
Cell-permeable derivatives of z-DEVD-fmk and BOC-
-fmk were obtained from Enzyme System Products (Liv-
rmore, CA). The peptides were dissolved in DMSO to a
oncentration of 10 mM. Inhibitors or DMSO as control
as added to the cell culture medium to a final concen-
ration of 20 mM and replenished each day the cells
emained in culture.
lasmid constructs
The pEGFP plasmid for expression of GFP was ob-
ained from Clontech Laboratories, Inc. The pD/Bcl-2
lasmid was constructed by cutting the EcoRI fragment
ontaining the Bcl-2 cDNA from pZip/Bcl-2 (a kind gift of
r. John Reed) and inserting it into the EcoRI site in
cDNA3 (InVitrogen, Inc.). The pD3/ Bcl-XL plasmid con-
aining the complete cDNA for Bcl-XL in the pcDNA3
ector was a gift of Dr. Y.-T. Hsu (NINDS, Bethesda, MD).
he b-galactosidase plasmid containing the complete
DNA in the pcDNA vector was kindly provided Dr. Rich-
rd Nordan (CBER, Bethesda, MD).
-Galactosidase activity
Cells (1 3 106) were lysed in 100 ml reporter lysis
uffer (Promega) and 10 ml of lysate incubated with 50 ml
alacton chemiluminescent substrate (Tropix, Inc., Bed-
ord, MA) solution (substrate diluted 1:100 into 0.1 M
aPO4, pH 8.0, 1 mM MgCl2) for 15 min at room temper-
ture. Subsequently, 50 ml of Emerald enhancer (Tropix)
olution (dilute Emerald 1:10 in 0.2 N NaOH) was added,
nd the luminescence was immediately measured in a
urner TD-20e luminometer for 15 s. b-Galactosidase
ctivity is reported as light units/ml/min.
tatistical tests
The significance of the difference between two mean
alues was evaluated with the Student’s t test calculated
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